We propose an extended Finnis-Sinclair (FS) potential by extending the repulsive term into a sextic polynomial for enhancing the repulsive interaction and adding a quartic term to describe the electronic density function. It turns out that for bcc metals the proposed potential not only overcomes the 'soft' behaviour of the original FS potential, but also performs better than the modified FS one by Ackland et al, and that for fcc metals the proposed potential is able to reproduce the lattice constants, cohesive energies, elastic constant, vacancy formation energies, equations of state, pressure-volume relationships, melting points and melting heats. Moreover, for some fcc-bcc systems, e.g. the Agrefractory metal systems, the lattice constants, cohesive energies and elastic constants of some alloys are reproduced by the proposed potential and are quite compatible with those directly determined by ab initio calculations.
Introduction
Since the 1980s, a variety of empirical n-body potentials have been introduced and employed to study the bulk, surface and cluster properties of metals [1] [2] [3] [4] . Although the introduced potentials, such as the tight-binding approach based on the second moment approximation [5] , the so-called embedded atom method (EAM) [6] and the Finnis-Sinclair (FS) potential [7] , have different forms in their details, they have similar formulations, which represent the total potential energy of a system as a sum of a pairwise interaction term and an n-body one. Among these potentials, the scheme developed by Finnis and Sinclair based on a second-moment approximation to the tight-binding density of states has a simply analytic form and has been shown to give very good results in simulations of point defects, grain boundaries, surfaces and amorphization transitions for metals and alloys [8] [9] [10] [11] [12] . Nonetheless, in the applications of FS potential, researchers have found some shortcomings of the potential. One is that the FS potential is systematically too 'soft', as it moves away from the equilibrium volume [13, 14] . To overcome such a shortcoming, Ackland and Thetford have proposed to add a 'core' into the repulsive term in FS formalism to enhance the short-range atomic interactions, thus improving the pressure-volume relationships for some bcc metals, i.e. V, Nb, Ta, Mo and W [14] . A similar modification has also been proposed by Rebonato et al [13] . It is noted, however, that the modified potential is too stiff compared with the universal equation of state, i.e. the Rose equation [15] , when the distance is less than the equilibrium one. Another shortcoming is that the FS potential has some difficulty in satisfactorily reproducing the static physical properties for some fcc metals, especial for noble metals. In this regard, Ackland et al have pointed out that the problem might be attributed to the electronic structure difference between the bcc and fcc metals and proposed another formalism for noble metals and nickel under the framework of FS potential [16] . Nonetheless, the proposed formalism is more complex than the original FS formalism, as one of the potential parameters is determined by fitting the pressure-volume relationship, which is rather difficult to obtain experimentally when the pressure is very high.
We propose, in the present study, an extended FS potential, which also has a simply analytic form and can be widely used to calculate many properties of bcc and fcc metals and alloys. We will introduce the proposed extended FS potential through the following four steps. First, the detailed formalism of extended FS potential is introduced. Second, we will show how extended FS potential overcomes the first shortcoming of FS potential through reproducing the equation of state for some bcc metals, and how extended FS potential performs better than the previously modified FS potential by Ackland et al. Third, extended FS potential is applied in reproducing some properties of six selected fcc metals, i.e. Cu, Ag, Au, Ni, Pd and Pt, such as the lattice constants, cohesive energies, elastic constants, equations of state, pressure-volume relationships, melting points and melting heats. Fourth, the extended FS potential is applied to four fcc-bcc systems, i.e. the Ag-refractory metal systems, to calculate lattice constants, cohesive energies and elastic constants of the respective alloys in the systems.
The model of extended FS potential
According to EAM or FS formalism, the total energy of a system is given by
The first term in equation (1) is the conventional central pair-potential summation, which is expressed by a quartic polynomial in original FS formalism [7] and by an exponential form in Johnson's EAM potential [17] . In the present study, we propose to use a sextic polynomial for improving the repulsive interaction between the atoms and the extended term is expressed by
where c is a cut-off parameter assumed to lie between the second and third neighbour atoms. c 0 , c 1 , c 2 , c 3 and c 4 are the potential parameters to be fitted. The second term in equation (1) is the n-body term. Based on a second-moment approximation to the tight-binding density of states, the embedding function f can be expressed by
where, according to the linear superposition approximation, the host electronic density ρ i can be written as the sum of the electronic density functions φ(r i j ) of the individual atoms i , i.e.
In the original FS potential, the electronic density function is a quadratic term. In the present study, we propose to add a quartic term in the electronic density function to improve the description of the electronic structure of metals. The electronic density function is expressed by
Note that the term B 2 (r − d) 4 is added in equation (5) to improve the performance of the potential in describing the electronic density of metals, especially of fcc metals. In equation (5), the cut-off parameter d is also assumed to lie between the second and third neighbour atoms. Apparently, the proposed extended FS potential is still a simple short-range potential, and when the potential parameters, c 3 , c 4 and B, are all set to be zero, the extended FS potential turns into the original FS formalism. Consequently, the extended FS potential could work for whatever original the FS formalism could do for bcc metals and is expected to work well for fcc metals as well as for some bcc-fcc systems.
Application for bcc metals
Since it has been demonstrated that the FS potential is a reliable and effective scheme for treating many issues of pure bcc metals, the extended FS potential should also work well in the same aspects. In table 1, we list some basic physical properties reproduced from extended FS potentials for six selected bcc metals, i.e. Fe, V, Mo, Nb, Ta and W, and for comparison the corresponding experimental values are also listed. From the table, one sees clearly that the reproduced lattice constants, cohesive energies, elastic constants and vacancy formation energies of the selected metals are in good agreement with their respective experimental values, showing the excellent performance of extended FS potential for bcc metals. In the following sub-sections, we will use the extended FS potential to calculate some other physical properties of bcc metals so as to further validate the performance of the extended FS potential for bcc metals.
Structural stability and equation of state
In the fitting procedure, we do not consider whether the bcc crystal structure is more stable than an fcc or hcp one. However, it is known that the global stability is very important to test the reliability of a potential. Based on the newly constructed extended FS potentials, the cohesive energies and lattice constants have been calculated for the six selected bcc metals and the results are listed in table 2. From table 2, one can clearly see that the cohesive energy of each bcc structure is greater than that of its corresponding fcc or hcp structure, reflecting well the fact that the equilibrium states of the six metals are bcc structures. Interestingly, the cohesive energies for fcc and hcp structures are exactly the same for all the six metals in table 2. In fact, when the cut-off parameter of a potential lies between the second and third neighbour atoms, the potential is not able to distinguish the difference between an fcc structure and an ideal hcp structure, leading to the same calculated cohesive energy for both structures listed in table 2. To distinguish the energy difference between the two structures, a longer cut-off parameter, e.g. at least greater than the distance of the third neighbour atom, should be adopted. As mentioned above, the FS potential has an apparent shortcoming when treating the pressure-volume relationship of some bcc metals, i.e. the potential is too 'soft' when it moves away from the equilibrium volume. In order to validate extended FS potential in this aspect, we calculate the equations of state of the six bcc metals based on the potentials and plot them in figure and Ackland's modified FS potential, respectively, are also plotted in figure 1. It is known that the Rose equation, which is deduced from many experimental pressure-volume data and shows a good agreement with the experimental data, can be regarded as the universal equation of state for most of the metals [15] . From figure 1, one sees that compared with the Rose equation, the FS potential really shows a too 'soft' behaviour when it treats the cases of Fe, V, Nb and Ta. In fact, Finnis and Sinclair recognized such a shortcoming when they published their formalism in 1984, and in order to improve the pressure-volume relationship of Cr and Fe they added a term in the electronic density function, which is expressed by [7] φ(r )
The added term indeed improves the pressure-volume relationship of Cr; however, as shown in figure 1(a) , the potential of Fe is still too 'soft' when the lattice constant has a small value. Three years later, Ackland et al proposed to add a 'core' to the repulsive term in the FS formalism to [25] , and those of Mo and W are from [26] .
enhance the short-range atomic interactions, thus improving the pressure-volume relationships for some bcc metals, i.e. V, Nb, Ta, Mo and W [14] . The 'core' is an exponential term and is expressed by
From figure 1, one sees that Ackland's modified FS potential has indeed overcome the 'soft' character of the original FS potential when the lattice constant is less than the equilibrium one, yet is too stiff when compared with the Rose equation. Inspecting the equations of state derived from the extended FS potential for six selected bcc metals, i.e. Fe, V, Mo, Nb, Ta and W, in figure 1 , one sees that the extended FS potential not only overcomes the 'soft' shortcoming of the original FS formalism, but also shows good agreement with those derived from the Rose equation. In other words, the treatment to the repulsive term proposed in the present study is quite reasonable and the extended FS potential does perform better than Ackland's modified one.
Pressure-volume relationship
During simulation, such as MD simulation, the volume of a simulation model frequently changes with the imposed pressure. The pressure-volume relationship is therefore very important for a potential while applying to perform simulations. Accordingly, we calculate the relationships of the pressure versus volume for the six selected bcc metals based on extended FS potentials and compared the results with those obtained from the Rose equation and experiments, respectively, in figure 2. One sees from figure 2 that 
Melting point and melting heat
Reasonably predicting the basic thermodynamics properties of metals is another important point for a relevant n-body potential; we therefore validate the proposed extended FS potential by calculating the melting points of the six selected bcc metals. Based on extended FS potentials, molecular dynamics simulations are carried out with solid solution models to determine the melting points of the metals [27] . The knowledge from phase transition theory indicates that at the melting point the heat of formation has an apparent change, which corresponds to the melting heat. Accordingly, during the MD simulations, the heat of formation of the solid solution model is monitored with variation of temperature to determine the melting points of metals. 
Application for fcc metals
The proposed extended FS potential can also be used to treat the cases of fcc metals. Table 4 lists the potential parameters for six selected fcc metals, i.e. Cu, Ag, Au, Ni, Pd and Pt, some properties of these metals reproduced from the extended FS potential, and their corresponding properties observed in experiments. One sees from the table that the reproduced values for Cu, Ag and Pt are in excellent agreement with the experimentally observed ones, with the largest root-square deviation (X rmx ) being less than 0.011%, and that the reproduced values for Au, Pd and Ni are also considered to match reasonably well with the experimental ones, with the largest X rmx being around 5.82%. In fact, in reproducing the static properties of fcc metals, extended FS potentials work even better than the EAM potentials derived by both Foiles and Cai [31, 32] , as in their cases the largest X rmx was reported to be around 6.65% and the minimum X rmx never went to zero. In the following sub-sections, we will further show the application of the extended FS potential to calculate some other properties of these fcc metals, such as the equation of state, pressure-volume relationship, melting point and melting heat. Pt and Pd. It should be noted that though we have not fitted the Rose equation as in the fitting procedure in the EAM scheme [17] , the equations of state calculated by extended FS potentials for both bcc and fcc metals are all in agreement with those from the Rose equation. In other words, the proposed extended FS potential is excellent at describing the relationship between the total energy and lattice constant, even when the distance is far from an equilibrium state. During MD simulation, the interatomic force deduced from the derivative of the total energy is a very important physical variable, which directly affects the simulation result. In general, for a curve of force versus distance, continuousness, no sharp fluctuations, and no odd points are all the basic features to insure obtaining the correct result. In figure 3 , the derivative of total energy calculated from extended FS potentials for Cu, Ag, Au, Ni, Pd and Pt metals together with those deduced from the Rose equation are shown. From the figure, one sees that for all the studied metals the derivatives of total energy derived from the extended FS potential vary continuously and smoothly with the lattice constants, and that the calculated results are in good agreement with those derived from the Rose equation, implying the extended FS potential can reasonably describe the interaction in fcc metals.
Equation of state

Pressure-volume relationship
We also calculate the relationships of pressure versus volume for the six selected fcc metals based on their extended FS potentials and compare the results with those derived from the Rose It is clear that the agreement between the calculated results and experimental values is good.
The above results suggest that the proposed extended FS potential could also overcome the 'soft' behaviour for fcc metals, as it moves away from the equilibrium state. It is therefore deduced that the proposed extended FS potential can be used in atomistic simulation for fcc metals, even if some volume-pressure change may emerge.
Melting point and melting heat
Using the same method as mentioned in section 3.3, the melting points and the melting heats of the six selected fcc metals are also monitored based on their extended FS potentials. The than 5%, and that the maximum errors in the calculated melting points for Pt and Au are 8.8 and 10.3%, respectively. For melting heats, the calculated values are reasonably compatible with the experimental values, with a maximum error of about 31.6%. Apparently, the extended FS potential can also reasonably reflect the thermodynamic properties of fcc metals.
Application for fcc-bcc systems
In the present section, we will show that the extended FS potential can also be successfully applied to some fcc-bcc systems. We present here the results obtained from the four equilibrium immiscible Ag-refractory metal systems, i.e. Ag-Mo, Ag-Nb, Ag-Ta and Ag-W systems, characterized by relatively large positive heats of formation, being +56, +25, +23 and +65 kJ mol −1 , respectively [36] .
Construction of the cross potentials
For fcc-bcc cross potentials, the forms expressed by equations (1)- (5) are also adopted. It is known that for equilibrium immiscible systems it is a challenging task to fit the cross potentials, as there are no available experimental data related to the respective alloy compounds. In this respect, the first-principles calculation based on quantum mechanics is known to be a reliable way to acquire some physical properties of some possible intermetallic compounds [37] [38] [39] . In the present study, the first-principles calculations are carried out using the well established Vienna ab initio simulation package (VASP) [40, 41] . In the calculation, the plane-wave basis and fully nonlocal Vanderbilt-type ultrasoft pseudo-potentials are employed [42] . The exchange and correlation items are described by the generalized-gradient approximation (GGA) proposed by Perdew and Wang [43] . The integration in the Brillouin zone is done in a mesh of 11 × 11 × 11 special k points determined according to the so-called Monkhorst-Pack scheme, as such integration is proved to be sufficient for the computation of the simple structures [44] . 
Elastic constants of alloys
For the four Ag-refractory metal systems, we reproduce the elastic constants of some possible alloys at a few specific compositions, based on the newly constructed extended FS potentials of the systems. For comparison, the well known ab initio program CASTEP [45] is also employed to acquire the elastic constants. In CASTEP calculations, the nonlocal ultrasoft pseudo-potentials have also been used, together with a kinetic energy cut-off of 330 eV and the PW91 GGA exchange-correlation functional. A 15 × 15 × 15 special k-point sampling mesh of the Brillouin zone is found to produce converged results for all cubic structures, while for the D0 19 structure the mesh is set to 9 × 9 × 9. In and those from CASTEP calculations suggests that the extended FS potential can reasonably describe the elastic behaviour in the equilibrium immiscible Ag-refractory metal systems.
Concluding remarks
Through enhancing the repulsive interaction, the proposed extended FS potential performs well in reflecting the pressure-volume relationship for bcc metals and is capable of reproducing some basic physical properties of fcc metals, thus overcoming the shortcoming of the original FS formalism. The proposed extended FS potential is also good at deriving the equations of state for some bcc and fcc metals, which are in good agreement with the Rose equation, indicating the extended FS potential can reasonably describe the energy and force even when the distance is far from the equilibrium state.
The proposed extended FS potential is also able to correctly reproduce the lattice constants, cohesive energies and elastic constants of some possible compounds in the Ag-refractory metal systems, indicating that the potential is capable of describing the interactions in fcc-bcc systems.
